We investigated the appearance and activity of the cysteine proteinase cathepsin B and its physiological inhibitors, stefii A and B, at the cellular level in human tumor cell lines HS-24, derived from a primary lung tumor (squamous cell), and SB-3, derived from a metastasis (lung adenocarcinoma). In addition to cathepsin B, these tumor cells also expressed the immunologically and hctionally related cathepsin L, but not cathepsin H. Stefin A was found in HS-24 but not in SB-3 cells; stefm B was found in both cell types. Using a specific fluorogenic cytochemical assay, the intracellular activity of the enzyme was localized and quantified. Thus, the cellular cathepin B kinetics for the synthetic substrates ZArg-Arg-4MPNA and Z-Val-Lys-Lys-Arg-4M~NA, its pH dependence and inhibition by E64, stefii A and B, and cystatin C could be determined. From these measurements it appeared that the enzyme exhibited different cleavage rates for these substrates in the different cell types, showed considerable cleavage activity at neutral pH, which was stable under these conditions for extended time periods, and was highly sensi-Endoplasmic reticulum: Plasma membrane; pH dependence; Inhibition. isolated enzyme to degrade extracellular matrix material such as collagen and laminin (7,8,9,34,41) may indicate that cath B plays a direct role in tumor cell invasion proceeding metastasis, whereas an indirect role in these processes may involve the activation of other proteolytic enzymes active in the metastatic cascade (14,26). Osteoclasts secrete cath B into a sealed extemal acidic compartment to lyse extracellular material during bone reorganization (3). This has not yet been recognized in tumor cells. Alternatively, there is also biochemical evidence of plasma membrane association of cath B, which would facilitate its extracellular activity (17,57,58,63). Previously, we have localized cath B in tumor cells at the cell surface by immunofluorescence microscopy (17). Similarly, urokinase-type plasminogen activator, another enzyme involved in the proteolytic cascade of invasion, was localized by immunoelectron microscopy at specific points of invasion, leading to the concept of focal proteolysis of invasion (50,51, 72) . The advantage of membraneassociated over free enzyme forms that were presented (45) and discussed (83) substantiates this view. 917 718 SPIESS, BRmING, GACK, ULBRICHT, SPRING, TREFZ, EBERT Immunolocalization does not necessarily provide information about the enzyme activity. Therefore, we have now investigated cath B activity in human tumor cells by conventional light microscopy, confocal laser scanning microscopy, and electron microscopy. In addition, we characterized biochemical aspects of the enzyme's activity at the cellular level by kinetics of activity, inhibition by synthetic and physiological inhibitors, and influence of pH on activity and stability of the enzyme.
Introduction
The cysteine proteinase cathepsin B (cath B: EC 3.4.22.1) is a ubiquitous enzyme. It is involved in lysosomal proteolysis (6) and protein processing (20, 26, 53, 75) . After detection and biochemical characterization it was described as a lysosomal enzyme with optimal activity in a slightly acidic (pH 5-6) environment (4). Subsequent investigations also revealed secreted forms ofthe enzyme under physiological (66) and malignant (32, 37, 44, 52) conditions. Recently, interest focused on the appearance of elevated levels of the enzyme in tumors and tumor cells, particularly those derived from metastases or with metastatic character (29, 33, 57, (60) (61) (62) (63) . The ability of the Supported in part by a grant from the Tumor Zcntrum Heidelber Mannheim.
'-Correspondence tO: Dr. Eberhard Spiess, Biomedizinische Suukturforschung 0195, Deutsches Krebsforschungszentrum, PO Box 101949, D 69009 Heidelberg, Germany. tive to the inhibitors E64 and cystatin C but was considerably less sensitive to stefim, particularly stefim A. By conventional light microscopy, confocal laser scanning microscopy, and electron microscopy the enzymatic activity was localized in lysosomes, as expected, but also in the endoplasmic reticulum, nuclear membrane, and plasma membrane. The endoplasmic reticulum is a site at which only pre-mature enzyme forms exist, which are usually not active. The appearance of enzymatic activity at the plasma membrane confiims earlier biochemical and immunofluorescence microscopic investigations. The different sites of localization within the cells make it likely that di&ent forms ofthe enzyme are expmsed simultaneously, which follow alternate ways of processing and sorting. Taken together, the results support an involvement of the enzyme under extracellular conditions in degradative proasses. (JHistochem Cyrochem 4291 7-929,lW) KEY WORDS: Cathepsin B Stefin; Activity; Tumor cell; Localization;
Materials and Methods

Cells and Cultwe Conditions
The tumor cell lines investigated were obtained from human non-smallcell lung carcinomas: HS-24 was derived from a squamous-cell carcinoma and SB-3 from the metastasis of a lung adenocarcinoma to the adrenal gland. Characterization and culture conditions of these cells have been described earlier (15-17.67) . Human embryonic lung fibroblasts Wi-38 (CCL 75; American Type Culture Collection, Bethesda, MD) were used as a control for the experimental set-up; these cells were kept as recommended by the supplier.
Cytochemical Cathepsin B Activity Assays
Cath B activity was detected at the cellular level according to the method of Dolbeare and Smith (12) . Specific synthetic substrates N-benzyloxycarbonyl-arginyl-arginine-4-methoxy-p-~phthylamine or N-benzyloxycarbonyl-valyl-lysyl-lysyl-arg~e-4-methoxy-~-naphthylamine (Z-Val-Lys-Lys-Arg-4MpNA) (Bachem Biochemica; Heidelberg, Germany) were applied in final concentrations of 1 mM (5). For light microscopy, the liberated 4MPNA was precipitated by 5-nitro-salicylaldehyde (NSA) (Serva; Heidelberg, Germany), final concentration 1 mM. For electron microscopy. 4MPNA was precipitated and detected by hexazonium-p-rosanilin (HPR): p-rosanilin (Merck; Darmstadt, Germany) was hexazotized according to Smith and Van Frank (64) , with the exception that pH adjustment was obtained by addition of NaOH. Reaction buffers were either 0.2 M ammonium acetate or 0.1 M sodium phosphate buffer, pH 6.2, supplemented with 0.125 mM mercaptoethanol and 0.1 mM EDTA-NaZ.
Quantifcauon of Enzyme Activity. The cells were harvested from cultures in the late log phase of growth by enzyme-free procedures and passed through a Pasteur pipette to obtain a dispersed cell culture. Defined numbers of cells were seeded on adhesive slides (BioRad, Biomedical Division; Miinchen, Germany), fmed in 1% formaldehyde in calcium-and magnesiumfree PBS (CMFPBS) for 20 min at room temperature (RT), washed in this buffer twice, and once in reaction buffer. Adhesive fields were covered with 20 p1 reaction mixture and the reaction was run at 37°C in a wet chamber. The reaction was stopped by several washes in CMF-PBS and in distilled water; reaction fields were covered with Moviol (CalBiochem; Bad Soden, Germany) and coverslips for preservation. For the quantification of precipitated fluorescent products we used the C1966 photonic system (Hamamatsu KK; Hamamatsu City, Japan) connected via a Hamamatsu video camera to an Axioplan microscope (hiss; Oberkochen, Germany). Fluorescence was stimulated by an FITC filter set (BP 450-490, FT 510, LP 520). The intensity values of three fields (each 0.55 mm2 with 600-800 cells) were scanned and the averages calculated. The camera baseline shift was compensated for each set of measurements. Experiments were performed in duplicate and repeated at least twice. Comparisons were made on a per cell level or as specified in the respective experiments.
Localization by Conventional Light Microscopy. Cells were harvested by trypsinization and seeded on glass slips in a concentration allowing them to reach a complete coverage of the slips after 1 day, when they were used for experimentation. Pre-fixation was done as described above. The glass slips were laid upside down over depressions in a plmiglas bar and provided with 30-50 pl of the reaction mixture at 37'C for 15 min. The reaction was stopped by washes in CMF-PBS and distilled water. Slips were mounted with Mowiol on glass slides. Fluorescence was monitored with an IM 405 microscope equipped with a BP 450-4901FT 510/LP 515-565 filter system or an LSM 3 (both Zeiss) as described below.
Confocal Laser Scanning Microscopy. Cells were grown for 1 day in suspension culture, washed briefly in 0.2 mM EDTA in CMF-PBS, and further dispersed mechanically with a Pasteur pipette. After transfer into W-acetate-buffer reaction mixture they were incubated for 10 min at 37'C in a volume of 0.5 ml and subsequently kept at 20'C for microscopy. For studies with fmed cells, formaldehyde was used as above. The ISM 3 system (Zeiss) equipped with an Axioplan microscope was used. Fluorescence was stimulated by the 488-nm line of an argon laser and recorded under conditions used for FITC fluorescence.
Electron Microscopy. Cells grown on coverslips were prefixed for 15 min in 0.5% glutaraldehyde in CMKPBS, pH 6.6, washed in this buffer, and finally in acetate buffer used for the enzymatic reaction. The cytochemical enzyme reaction with Z-ArgArg-4MpNA and HPR was run for 60 min at 37'C (64). Specimens were rinsed in 50 mM cacodylate buffer, pH 7.2, and fixed in 2.5 % glutaraldehyde for 30 min. washed again, and post-fmed in 1% os04 + 0.8% &[Fe(CN)6] in 50 mM cacodylate buffer, pH 7.2, for 60 min. After three washes in the buffer, specimens were dehydrated in ethanol (20,30, 50, 70%) and embedded in LR White (London Resins;
Woking, UK). Thin sections were inspected unstained or with final lead citrate staining in an EM 400 (Philips; Eindhoven, The Netherlands).
pH Variation Experiments. To obtain pH values of 6.2, 6.7, and 7.2 in the Na-phosphate buffer system appropriate amounts of NazHP04 and NaHzP04 were mixed. In the N&-acetate buffer system, 0.4 M Na2HP04 was used to titrate the pH to 6.7 or 7.2.
Inhibition Experiments. Trans-epoxysuccinyl-t-leucylamino-(4-guanidine)-butane (E64) (Sigma; Deisenhofen, Germany) was added to the reaction at indicated concentrations. Stefins A and B and cystatin C (BioAss; Diessen, Germany) were pre-incubated with the cells at the indicated concentration for 60 min at 37'C and subsequently added in the same concentration to the reaction mixture.
Vital Staining of Acidic Organelles
Vital staining of acidic organelles was achieved using acridine orange (38) or quinacrine (2) with 20 pM dye in 0.2% bovine serum albumin supplemented Hank's balanced salt solution (HBSS). Fluorescence was monitored with a LSM 3 confocal microscope (Zeiss).
Denaturation of the Acid p H Conditions in Lysosomes
Cell cultures on coverslips were incubated in HBSS containing either 50 mM chloroquine (Serva) or 50 mM N&CI for up to 8 hr at 37°C (10).
Immunogold Cytochemistry for Electron Microscopy
Unfixed cells were incubated with sheep anti human liver cath B antibodies (Serotec; Oxford, UK) for 3 hr, with rabbit anti-sheep antibodies (Jackson Immunoresearch; West Grove, PA) for 2.5 hr, and finally with goat anti-rabbit antibodies conjugated to 10-nm gold particles Uanssen Biotech Beerse, Belgium) for 2 hr, all at 8-10%. Antibodies were dissolved in PBS u x d also for washing between incubations. In control cxpcriments. the incubation with the first antibody was omitted. Cells were f w d with 2.5% glutaraldehyde and 1% os04 + 0.8% &(Fe(CN)6] in cacodylate buffer, dehydrated. and embedded in LR White U described above.
Detection of Endogenous Cathepsins and Stefins
Cathepsins. Glls were lysed in 400 mM phosphate buffer, pH 6. supplemented with 75 mM NaCI. 4 mM EMA-Na2. and 0.25% Triton X-100.
Proteins were xpvated under reducing conditions in 12.5% polyacrylamide gels and transferred to nitrocellulose. Cathepsins H and L were detected with sheep anti-human kidncy cathepsin antibodies (BioAss); cath B was detected by the same antibody as u x d for immunolocllization (xc above).
Secondary antibodiawere anti-sheep IgG conjugated to alkaline phospharve (Dianova; Hamburg. Germany). Purified carh B and cath L u x d for rderence were obtained from BioAss.
Stdim. Cell lysates were prcepued from confluent cutmm by ulcsonication U described (59). Proreins were xpanted under reducing conditions in 15-25% polyacrylamide gclsand transferred to nitrocellulose membranes (67). Stdins were detected by specific antibodies (gift of IT. Lah, Josd-Stefan-Institute, Ljubljana, Slovenia) and visualized by the enhanced chemoluminescence method (Amenham Buchler; Bnunschweig. Germany).
Results
The experiments were performed with the cell lines SB-3 and HS-24 derived from human lung tumors and with normal human embryonic lung fibroblast cells, Wi-38. The Wi-38 cells, expressing high cath B activity at the cellular level, were used as reference particularly to prow the validity of experimental set-ups. Experiments were performed with living cells or after mild fixation of the cells. Fixation (1% formaldehyde) improved the adherence of cells and the cell structure without reducing enzyme activity considerably.
Cysteine Proteinase Spectrum in HS-24 and SB-3 Tumor Cells
Proteins of cell lysates from tumor cells were separated by polyacrylamide gel electrophoresis and transferred to nitrocellulose. By specific antibodies to cathepsins B, H. and L the appearance of t h e e functionally and immunologically related proteinases was investigated. Both cell lines expressed cathepsins B and L but they were dcvoid of cath H (Figure 1 . Lanes 1-6). To prove the crossreactivity of the anti-cath B antibody that was used for immunolocalizations, this antibody was further tested against pure cathepsins B and L. We found that the antibody reacts exclusively against cath B on these blots (Figure 1 . Lanes 7 and 8).
Endogenous Stefin Levels in the Tumor Cells
The activity of cathepsins is regulated by physiological inhibitors. particularly the stefins A and B. We therefore investigated the intracellular levcls of these inhibitors in the tumor cells. Immunoblotting and immunocytochemistry were applied for detection. With the latter approach we were not able to find stefins. Proteins from cell extracts were separated by polyacrylamide gel electrophoresis, transferred to nitrocellulose. and probed for stefins with specific antibodies. To identify stdin A, we used a monoclonal anti- 
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Intracellular Turnover of Synthetic Substrates
The intracellular activity of cath B was monitored by hydrolysis of the synthetic substrata Z-Arg-Arg-4M DNA and Z-Val-Lys-Lys-Arg-4MPNA. The produced fluorogenic signals (a typical example is shown in Figure 6b ) were quantitated in situ and calculated on the per cell level in relative terms. The kinetics of the reaction. its pH dependence. and the sensitivity to inhibitors were investigated.
Kinetics. The reaction, carried out in acetate buffer at pH 6.2 and 37"C, became apparent in SB-3 cells after4 min of incubation and reached a plateau by 32 min (Figure 3 ). Cath B activity in HS-24 cells became apparent after 12 min and after 64 min reached the plateau value of the SB-3 cells (Figure 3 ). In Wi-38 cells, the course of cath B activity was steeper than in SB-3 cells and reached, at the same time. a plateau that was about 20% higher than ir SB-3 ( Figure 3 ). In the phosphate buffer system, the lytic reaction proceeded only with about 0.3-0.5 times the velocity as in the acetate buffer. The maximal obtainable fluorescence intensity was about the same in both buffers. In comparative experiments with the two synthetic substrates, the turnover of Z-Arg-Arg-4MpNA was slightly higher in SB-3 and Wi-38 cells (about 1.5-fold) and slightly lower in HS-24 cells (about 0.8-fold) than that of Z-Val-Lys-Lys-Arg-4MPNA.
pH Dependence. The activity of cath B was tested at pH 6.2, 1~" "~1 ' " I " " ' ' " ' ' ' 1 at pH 6.2 in acetate buffer in SB-3 ceUs (A), HS-24 cells ( 0 ) . and Wi-38 cells (0). Cells were immobilized on adhesion slides, fixed by 1% formaldehyde; the reaction was run for indicated time intervals at 37%. The fluorescence intensity of the reaction products was determined as described in Materials and Methods. The intensity produced by SE-3 within 32 min was set as 100% reference value for all cell lines. 6.7, and 7.2. Comparably high activities were found at pH 6.2 and 6.7. At pH 7.2 the activity was still about 50% of that of the maximum; this was valid for all cell types tested (Figure 4) . Hydrolysis of the substrate Z-VaI-Lys-Lys-Arg-4MPNA was more sensitive to neutral pH. It dropped to about 20% of the maximal value in HS-24 and Wi-38 cells but not in SB-3 cells, for which only 50% reduction was observed.
We investigated the stability of the enzyme when it was extensively exposed to unfavorable pH conditions. Cells grown on cover-120 1 -L 6 6.2 6.7 7.2 a PH Figure 4 . Cleavage of substrate Z-Arg-Arg-4MpNA at different pH values in SE3 cells (A), HS-24 cells (W), and Wi-38 cells (0). Cells were prepared and fluorescence was recorded as described for Figure 4 ; the reaction was run for 32 min at 37%. The fluorescence intensity reached at pH 6.2 in each cell line was set 100%. Sample standard deviations for the values of pH 6.7 and 7.2 are as follows: Wi-38 *2.8and e12.4,n = 2; SB-3 e29and f12.1,n = 5: HS-24 e 6 3 and f 4 , n = 4. slips were exposed to 50 mM chloroquine or NH4CI dissolved in HBSS. The destruction of the acidic conditions in the respective organelles was proven by vital staining with quinacrine or acridine orange. NH4CI treatment was very effective; it shifted the pH to neutrality within minutes. This reaction was reversible within the same time interval. Chloroquine acted much more slowly. Prolonged treatment (1-8 hr) of the cells with either agent led to structural changes (77) . The formerly acidic compartments fused and vacuoles appeared, increasing in volume and number with progression of time. To ensure the stability of the enzyme, we incubated living cells with the agents for up to 8 hr. Subsequently, cells were fixed in 1% formaldehyde and assayed for cath B activity. We did not find significant changes in enzymatic activity for up to 1 hr in either SB-3 tumor cells or Wi-38 cells. Treatment over 8 hr did not result in complete destruction of enzymatic activity in the tumor cells, but activity in the Wi-38 cells disappeared completely. These experiments indicate that in vivo cath B seems to be more reactive and stable than the isolated enzyme.
ties; in Wi-38 the inhibition was completed by about one tenth the inhibitor concentration needed to block all activity in SB-3 cells.
HS-24 cells with comparably half the enzymatic activity than Wi-38 cells had the same inhibition course as the Wi-38 cells. As it might be possible that also proteinases of non-cysteine proteinase character may contribute to the detected activity, in SB-3 cells we performed inhibition experiments also at pH 6.7 and 7.2. As under the acidic conditions of pH 6.2, all the activity was inhibited with the maximal inhibitor concentration indicated in Figure 5 . This excludes with high probability a contribution ofthe mentioned proteinases to the apparent activity.
Compared to E64, the high molecular weight physiological inhibitors must have slower diffusion rates. In earlier studies with living cells, we were not able to determine an inhibitory effect of stefins. In this study we therefore performed the experiments with 1% formaldehyde-fixed cells. When the inhibitors were then added to the reaction mixture, we obtained in SB-3 cells only about 15 % inhibition, also with a high inhibitor concentration. Therefore, cells were pre-incubated with the inhibitors for 1 hr at 37°C and cells were subsequently incubated with the same inhibitor concentration in the reaction mixture. Under such conditions, cystatin C was able to inhibit completely; again, SB-3 cells needed the highest inhibitor concentrations (Figure 5) . Stefins were less effective. Stefin A revealed the lowest inhibition capacities (Figure 4 ). For HS-24
and Wi-38 we had similar findings: at 4.4 pM inhibitor concentra-Inhibition Studies. Four inhibitors specific for cysteine proteinases were tested: E64, stefins A and B, and cystatin C. E64 was found to be the most effective (Figure 5 ) . The inhibitor diffused very rapidly into the cells (living or 1% formaldehyde-fixed) and led to a concentration-dependent inhibition. Although in SB-3 and Wi-38 there are about identical concentrations of enzyme activi- Inhibitor Concentration pM I tion the residual enzyme activity was about 15% of the control. Again, in SB-3 cells, the inhibition needed higher inhibitor concentrations: 8.8 pM stefin A was needed to come to the 15 % level. Stefin B was more effective than stefin A but less effective than cystatin C and E64 ( Figure 5) . A concentration of 5 pM stefin B blocked in HS-24 cells completely; in Wi-38 and SB-3 cells about 15% residual activity was observed with this concentration.
Intracellular Localization
Conventional Light Microscopy. The cath B-reactive sites were investigated particularly in SB-3 cells grown on coverslips. The reactions were performed in acetate buffer, pH 6.2, with 2-Arg-Arg-4MPNA at 37°C for 15 min. Highest activity and density of reactive sites were found in the perinuclear space. Furthermore, activity appeared in the peripheral cell areas, in filopodia, and at the plasma membrane ( Figure 6b ). Because of their smaller size, it was more difficult to discriminate the sites of activity in HS-24 cells but, again, highest concentration of activity was in the perinuclear space (results not shown). In Wi-38 cells, also predominantly perinuclear activity was observed; activity in filopodia and in the peripheral cytoplasm was expressed faintly (results not shown). To visualize the lysosomal compartment, which is believed to be the intracellular locus of cath B activity, we performed vital staining of this compartment by acridine orange or quinacrine. In the SB-3 cells the acidic organelles concentrated around the nucleus; only low numbers were found in the peripheral parts of the cells (Figure 6a ). Experiments with the other cell types revealed the same results. These experiments show that the sites of cath B activity outnumber the acidic compartment by far and also have a more extended localization over the cells.
Confocal Light Microscopy. To better discriminate the sites of activity in SB-3 cells, we used confocal laser scanning microscopy. To avoid enzymatic damage before experimentation, the cells were kept in suspension culture for 1 day, under which conditions they form small aggregations; these can be further dispersed mechanically by pressing through a Pasteur pipette. The cath B activity first appeared in the cytoplasm in form of fine granules, which progressively increased and were highly concentrated in the perinuclear space. Later, activity also appeared at discrete sites in the plasma membrane and the nuclear membrane. In Figures bc-bf, micro- graphs of a living cell sectioned by confocal laser scanning microscopy are shown; the sections are in the z-axis about 1.5 pm apart from each other. The sites of highest enzyme activity are of intense red-orange color; less reactive sites appear yellow-orange. By superposition of fluorescence and differential interference contrast (DIC) images, it was clearly proven that the reaction products were located in the plasma membrane. In addition to cytoplasm and plasma membrane, enzymatic activity was also found associated with the nuclear membrane. These observations were made with living and 1% formaldehyde-fixed cells. The latter excludes transportation of vesicles during the experimentation. It is therefore likely that a small fraction of cath B resides at least for some time at distinct sites in the plasma membrane.
Elecaon Miaosmpy. To support and extend the results obtained by light microscopy we applied electron microscopy. The enzyme reaction was performed with subsmte Z-Arg-Arg4MBNA. The leav-ing group 4MPNA was precipitated by HPR and 4MBNA-HPR complex was visualized by osmication. Compared with the light microscopic assay, in which almost all cells contained reaction products, the electron microscopic approach was less effective, with reaction products detectable in only 20% of the cells. We found that glutaraldehyde reduced enzymatic activity. However, the major sites of reaction were consistently lysosomes and endoplasmic reticulum (Figure 7) . Activity, although less intense, also appeared in the nuclear membrane and the plasma membrane (Figure 7) . The plasma membrane activity was confined to small spots at unspecified areas of the surfaces (Figure 7b ). In the nuclear membrane the activity extended over limited areas (Figure 7c) .
In Wi-38 cells we could demonstrate cath B activity in lysosomes but not in the plasma membrane, the nuclear membrane, or in the endoplasmic reticulum.
The plasma membrane localization of the enzyme was additionally investigated by immunogold electron microscopy. Living cells were labeled by anti-cath B antibodies followed by appropriate gold-labeled probes. This approach also localized cath B epitopes successfully at the cell surface and confirmed the spotty distribution of the enzyme found by light microscopy (17). Probably due to limited accessibility of antibodies, the label was located only at the apical cell surfaces (Figure 8a) . Here, no particular surface structure was preferred or excluded; even microvilli and filopodia showed epitope accumulations (Figures 8a and 8b) . The patchy arrangement of epitopes became particularly evident at areas of oblique sectioning of the plasma membrane (Figure 8c ).
Wi-38 cells also revealed surface epitopes for cath B, but only in a few cells and to a much lesser extent.
Discussion
The enzymatic activities described and characterized here are very likely cath B activity. However, we cannot rule out completely that there exists a yet unknown cath B-like activity. To take this into account, cath B activity might be replaced by cath Bkath B-like activity.
We have demonstrated cath B at unusual sites in SB-3 and HS-24 human tumor cells. Congruent results were obtained in living cells using confocal laser scanning microscopy and by electron microscopy. Originally, cath B was considered to be a lysosomal enzyme confined for optimal activity to the acidic pH (4.7-4.8) of these organelles (4,5). Recent investigations described secreted cathepsins, cath B (43,44,66) and others (13,55).
Our results demonstrate intracellular cath B activities inside the lysosomes and associated with the endoplasmic reticulum. The nuclear membrane, and the plasma membrane, although considerable secretion was not observed in SB-3 or HS-24 tumor cells (67). In addition to cath B, the only functionally and immunologically related cysteine proteinase expressed by these cell lines is cathepsin L (cath L). As Z-Arg-Arg-4MpNA has a considerably higher tumover with cath B than with cath L (5). the high apparent activity is very likely due to cath B. The inhibitors employed and their efficiency at acidic and neutral pH values further substantiate the specificity of the results. In addition, the antibodies used were proven to be selective for cath B. In general, the lysosomal proteinases are transported during their maturation via the mannose-6-phosphate I C Figure 6 . Localization of the acidic compartment and cath activity in 56-3 cells. In all the images fluorescence (yellow to orange) and DIC (green) images of the same area are superpositioned. (a) Vital staining of the acidic compartment by quinacrine in cells grown on coverslips. (b) Cath B activity visualized by cleavaga of substrate Z-Arg-Arg4MBNA in ammonium acetate buffer, pH 6.2. n"c, and lbmin reaction time obtained in 1% formaldehydefixed cells grown on coverslips. Activities in filopodia and at the plasma membrane are marked by arrowheads and arrows, respectively. (c-1) Localization of cath B activity by confocal laser scanning microscopy in a living cell detached and dispersed by enzymefree procedures. The reaction was performed in acetate buffer, pH 6.2, for 10 min at 37% followed by 50 min at 20% (partially under the microscope) with substrate Z-Arg-Arg-MBNA. Sections about 15 pm apart were recorded from the whole cell, four sequential sections (e-1) of which are shown. Reaction products in the plasma membrane (Pm) and nuclear membrane (Nm) are indicated by arrowheads. Bars of cath B in (a,b) HS-24 and (c) SB-3 cells. Cells were prefixed in 0.5% glutaraldehyde. Cath B was assayed with ZArgArg4MPNA in the presence of HPR in ammonium acetate buffer, pH 6.2, 37% for 60 min, fixed in 2.5% glutaraldehyde, osmicated. and processed for electron microscopy. Sections were stained with lead citrate. Overview (a) and detail (b) of HS-24 cells show intense precipitates, particularly in the widespread endoplasmic reticulum (ER), in lysosomes (L), and the plasma membrane (Pm and arrows). SB-3 cells (c) with strong reactions in the plasma membrane (Pm and arrows) and the nuclear envelope (Nm) In c, nuclear pores (Np) are free of precipitation products. Bars = 1 m. c Figure 8 . Immunocytochemical detection of cath B epitopes at the cell surface of HS-24 cells. The cells were labeled at 8OC with first (sheep anti-human cath E), second (rabbit anti-sheep IgG), and third (goat anti-rabbit IgG conjugated to 10-nm gold colloid) antibodies and subsequently processed for electron microscopy. (a) Overview: labeled areas are indicated by brackets and enlarged. The label is indicated by small arrows; arrows point to the basal (bs) and apical (as) side Of the cell layer. Surface views from different cells with (b) a labeled filopodium and (c) a patch-like label pattern on an obliquely sectioned plasma membrane area; the label is indicated by arrows. Bars: a = 5 wm; enlargements = 0.5 pm; b = 100 nm; c = 500 nm. receptor pathway to the lysosomes (18, 22, 30, 31, 74) . However, additional pathways have been proposed for targeting proteinases to lysosomes (3934) or to secretion (1, 13, 21, 66) . Human cath B is expressed in a large number of organs and cells types (24). Based on the analysis of human genomic DNA by cath B specific D N A clones a single active gene copy for the enzyme was proposed (19) . The variability of enzyme forms therefore likely results from posttranslational events. It is not yet clear which characteristics may indicate cell type-specific molecular forms, nor is it clear how such cell type-specific forms are generated and which particular signals they bear to become sorted to the described intracellular compartments or to become secreted. In addition, it is unknown where active forms of the enzyme appear first. Glycosylation is fundamental for targeting; impaired glycosylation may lead to secretion and disease (21, 22) . Recently, differentially glycosylated forms of cath B have been isolated from normal liver tissue and tumor material, which showed identical N-terminal protein sequences (40). A cell type-specific glycosylation is supposedly a key for formation of specific isoenzymes (1, 11, 36) . It is then possible to postulate that the revealed cath B activity in the endoplasmic reticulum, the plasma membrane, and the nuclear membrane is due to formation of differentially glycosylated isoforms, which become sorted to these organelles. However, proteolytic activity of the pre-mature enzyme in these organelles is unusual, considering the suboptimal conditions for activation. Thus far, isolated precursor forms of the enzyme have been found inactive and needed proteolytic cleavage for activation (23.43).
The physiological role of cath B outside the lysosomes but in the cell is yet unknown. Possibly cath B is involved in the processing of antigens as reported (20, 53) and in activation of urokinasetype plasminogen activator (26) and rennin (75) .
Cell fractionation experiments found cath B activity associated with a nuclear fraction (47). Our results clearly support this earlier finding.
Localization in the plasma membrane is of particular interest with respect to the extracellular activities of cath B. This parallels the findings for urokinase-type plasminogen activator, a protease involved in invasive processes (50, 51, 72) . Previously, we located cath B in a spotty distribution at the cell periphery by immunolight microscopy (17). Now, results obtained by electron microscopy confirmed the light microscopic investigation and clearly demonstrated a plasma membrane association of cath B. Other light microscopic investigations (42, 71, 73, 81) did not show or indicated this localization only with low precision (65). However, biochemical experiments have already revealed evidence for the plasma membrane associationofcathB activityinnunorcells (45, 57, 58, 63) . Inanumber of investigations by post-embedding immunocytochemistry, cath B epitopes were detected only in lysosomes (69, 70, 76, 80, 82) . As this method requires high local concentrations of antigens to obtain reliable results, the relatively low content of cath B in membranes might be below the detectable limit.
The different intracellular sites of cath B indicate that the enzyme might follow different processing and sorting pathways, possibly simultaneously. We hypothesize that different forms of the enzyme exist, varying at least in their glycosylation patterns, which may be responsible for sorting and anchoring in particular organelles and membranes, respectively. The nature of the association with membranes and the principles that govern the distribution patterns of the enzyme, particularly in the plasma membrane, remain to be clarified.
We further studied the intracellular cath B activity with a quantitative approach. The kinetics for the cath B cleavage of synthetic substrates Z-Arghrg-4MPNA and 2-Val-Lys-Lys-Arg-4MpNA were established for the tumor cells and Wi-38 fibroblasts. The reaction for both substrates followed sigmoid slopes, reaching a plateau after 32 min and 64 min in SB-3, Wi-38, and HS-24 cells, respectively. These results confirm our earlier experiments with cell extracts, establishing in SB-3 about twice the enzyme activity as in HS-24 cells (67). The substrate Z-Arg-Arg-4MPNA had, as in vitro ( 5 ) , a higher tumover than Z-Val-Lys-Lys-Arg-4MpNA. In addition, the pH dependence of intracellular cath B was studied. Our results demonstrate considerable activity of cath B at a neutral pH. The experiments to deteriorate lysosomal pH and to expose the enzyme over a long period to elevated pH proved a considerable stability of cath B in tumor cells even more than in normal Wi-38 cells. This observation supports the findings of cath B activity in nonacidic organelles and in the extracellular space. Cath B exhibits a complex pH dependence (23, 27, 46, 48, 49, 79) , which is further complicated by the substrate promiscuity of the enzyme and its ability to function as an endopeptidase or an exopeptidase (dipeptidylcarboxypeptidase and carboxypeptidase) (5, 6, 28, 48) . The main range of activity of the isolated enzyme was found in an acidic environment; neutral or alkaline pH led to rapid inactivation. However, recent findings showed an increased activity of isolated cath B against extracellular matrix material (collagen Type IV, laminin, fibronectin) and with higher stability under these conditions (7, 9) .
The inhibition studies were performed to establish the inhibition characteristics at the cellular level and to support the specificity of the cytochemical results.
The cytochemical reaction is sensitive to all inhibitors. Complete inhibition was obtained by E64, a specific synthetic inhibitor of cysteine proteinases. The inhibition at the cellular level is comparable in respect to the sensitivity we obtained earlier with cell extracts (67). Inhibition was instantaneous in fixed cells, and in living cells the inhibition was also complete and rapid. This latter finding is in contrast to other observations (78) that suggest a retarded uptake of this inhibitor. However, to block all enzymatic activity in SB-3 cells, about 10 times more inhibitor was necessary than for the other cell lines. The penetration of the stefins and cystatin C was very slow. In living ce!ls we observed no effects. We suppose that either they are not able to take up these inhibitors or that the material taken up is immediately inactivated. Therefore, cells had to be fixed by formaldehyde to let the inhibitors pass the membranes. After this pre-treatment, immediate addition of the inhibitors to the assay led to 10-15% reduction of the activity. We attribute this activity to enzyme fractions located in the cell periphery. Pre-incubation with inhibitors for 1 hr eventually led to pronounced inhibition, depending on the inhibitor, its concentration, and the cell type. The results obtained for cystatin C matched with those obtained with E64, with the exception that SB-3 cells seemed to be more sensitive. As expected from their Ki values (25), stefins were less effective than cystatin C or E64. Comparing the two tumor cell lines, the highest amounts of inhibitor concentration to block the enzymatic activity to a comparable level were needed in SB-3 cells; these amounts outnumber the higher enzymatic activity of the SB-3 cells. In addition, Wi-38 cells, with enzymatic activity comparable to SB-3, reacted more sensitively. Our results suggest a cell type-specific situation. Therefore, we can speculate that other parameters seem to influence, in addition to biochemical binding constants, the enzymatic activity at the cellular level. Probably the relatively resistant enzyme fractions originate by impaired accessibility of the inhibitor to the enzyme owing to its location. Stefins are intracellular inhibitors but also become secreted (68) . Howwer, as yet it is neither understood which part they play in the intracellular events, e.g., protein processing (20, 26, 53, 75) , in which cathepsin B is probably involved, nor which role they have at the extracellular level. Whether tumor cells in general possess more inhibitor-resistant cath B forms than normal cells can not be answered from our experiments. This question would need a broader spectrum of comparable cell pairs to become solved. The intracellular levels of stefins were low in the investigated tumor cell lines, the stefin A level being lower than stefin B. This low inhibitor production is in contrast to high cath B content. Imbalance in the enzyme-inhibitor ratio has already been demonstrated in a number of tumors (35, 56, 60, 62) ; our results suggest that the imbalance is brought about by the tumor cells themselves rather than by other cells in a tumor.
The plasma membrane association and the extended pH range of activity and stability that were demonstrated here make cath B highly eligible for suggested participation in invasive processes. In tumor cells such abilities may also support metastatic spread. Further experimentation on the cellular level, using various invasion and metastatic models, will be necessary to test this hypothesis and to substantiate a causal role of cath B in these processes. SPIES, BRUNING, GACK, ULBRICHT, SPRING, TREFZ, EBERT 28.
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